The efficiency of human brain depends on the integrity of both long-and short-range connections, but the long-range connections need to be "penalized" to reduce overall wiring costs. This principle, termed as the anatomical distance function (ADF), refers to the presence of an inverse relationship between anatomical distance and connectivity. A crucial developmental feature that occurs in normal adolescence is the weakening of ADF, which is characterized by a selective strengthening of long-distance connections. Schizophrenia is associated with widespread dysconnectivity that is linked to aberrant cortical development. Methods: We studied the ADF in adults with schizophrenia (n = 28), their age-matched siblings (n = 28), and healthy controls (n = 60). We investigated the proportional abnormalities in the long-range connections involving interhemispheric, subcortical, frontal, and salience network regions and localized the connections showing most significant changes in schizophrenia. The groups were discriminated on the basis of short-and long-range connectivity using a machine-learning algorithm. Results: Both patients and their siblings showed abnormally pronounced ADF. This was associated with a disproportionate reduction in the number of long-range connections, affecting the subcortical, interhemispheric, and the salience network connections. The abnormalities in long-range connections had superior ability to accurately identify group membership. Conclusions: A crucial organizing principle of the brain architecture that becomes apparent during normal adolescence is disturbed in schizophrenia. While siblings show some evidence of compensating for this deficit, patients lack putative compensatory changes. Age-related shift in ADF provides an explanatory framework for the developmental emergence of widespread dysconnectivity that is influenced by genetic risk in schizophrenia.
Introduction
Schizophrenia is a highly heritable disorder characterized by several features suggestive of an aberrant brain developmental trajectory. [1] [2] [3] [4] The last 2 decades of neuroscientific research has strongly supported the role of dysconnectivity in the pathophysiology of psychotic disorders such as schizophrenia. Dysconnectivity has been demonstrated both at microscale (at neuronal circuit or synaptic level) 5, 6 and at mesoscale (using neuroimaging measures of structural and functional connectivity) levels. A wide range of neuroimaging studies, including those investigating grey matter surface, 7 anatomical covariance, 8 white matter diffusion, 9 macromolecular integrity, 10, 11 functional correlation, 12, 13 and temporal precedence, 14, 15 have been interpreted as evidence for dysconnectivity in schizophrenia. These studies have indicated that this dysconnectivity is distributed in nature, affecting the entire brain, though some regions may be affected more than the others. Bulk of evidence points towards consistent involvement of subcortical and frontal systems 16 along with paralimbic salience-processing networks involving the insula, anterior cingulate cortex, and the putamen. 17 Further, interhemispheric connections form a major portion of the functional connectivity in the resting brain this consistency, there is a significant heterogeneity among patients in both the degree and the distribution of dysconnectivity. So far, it is unclear whether common mechanistic factors underlie the distributed pattern of dysconnectivity observed in patients. Given the criticality of adolescence in the development of psychosis, 21 the mechanisms that underlie the normal development of brain as a highly connected and organized structure are strong suspects in the pathophysiology of schizophrenia.
The efficient, well-organized functioning of human brain depends on both long-and short-range connections. But the existence of long-range connections have to be limited by the spatial, material, and time-cost constraints placed on the organization of human brain. 22 Long-distance connections operate at a higher metabolic cost 22, 23 ; as a result, anatomical distance is seen as a penalty for brain connectivity. In human brain functional networks, short-distance connections predominate with greater strength of functional connectivity 24 while long-distance connections show reduced (or negative) connectivity strength. 25 In other words, connectivity strength operates on the basis of a negative anatomical distance function (ADF). However, a connected system that indiscriminately penalizes all longdistance connections would be inefficient for communication. 26 In particular, preferential long-distance connections support the emergence of highly connected brain hubs that are critical for information transfer. 27 This selective permissiveness that favors long-distance connections has been observed to emerge during normal adolescent cortical development. In this period, the number of shortrange connections gradually weakens with an increase in long-range connectivity. 28, 29 Notably, the reshuffling of the strength of positive and negative correlations among brain regions during adolescence is associated with the development of cognitive control 30 and predominantly involves the insular and frontal networks. 29, 31 While the distancefunction is a strong organizing principle for brain connectivity, a selective permissiveness of long-range connections during adolescent brain maturation appears necessary for neural efficiency of the adult brain.
The genetic diathesis to develop schizophrenia affects the normal patterns of brain connectivity. Functional magnetic resonance imaging (fMRI) studies indicate that both patients and their siblings display dysconnectivity affecting distributed brain networks. 32, 33 These observations indicate that shared mechanisms, possibly of genetic origins, may operate in shaping the dysconnectivity observed in adult patients and siblings. At present, it is not known whether the ADF is affected by the genetic risk of schizophrenia. The only evidence to date of a disturbed ADF in schizophrenia comes from a selected group of patients with childhood-onset schizophrenia (COS) (mean age of onset <10 years) in whom shortrange connections were significantly weakened. 34 At present, it is not known whether the ADF and the selective permissiveness of long-range connections are disturbed in a more representative sample of adult patients with schizophrenia and their siblings.
In the current study, using resting-state fMRI, we investigated whether the ADF is perturbed in adult patients with schizophrenia and their age-matched siblings. We hypothesized that the normal developmental weakening of the ADF noted in healthy adolescents will be deviant in patients and siblings, resulting in a reduction in long-range and increase in short-range connectivity. We expected the long-range connections involving interhemispheric, subcortical, frontal, and paralimbic salience-processing network to be disproportionately affected. In addition, we also localized the paired regional connections showing most significant changes in connectivity in patients and siblings compared with healthy controls.
Methods

Participants
Twenty-eight patients with schizophrenia, 28 sex-matched siblings free of psychiatric disorders (1 per patient), and 60 healthy controls recruited from Changsha, China were included in this study. Seven of the patients were drug naive, while the rest were receiving antipsychotic medications at the time of image acquisition. The clinical and demographic details of the sample are presented in table 1 and in the supplementary material. There was no significant difference between the 3 groups regarding sex, age, and education. All participants gave their written informed consent to participate in the study after the risks and benefits were discussed in detail. The study was approved by the ethics committee of the Second Xiangya Hospital, Central South University.
Imaging Acquisition
Eyes-closed 6-minutes resting scans were acquired on a 1.5-Tesla GE Signa Twinspeed scanner (General Electric Medical System) using a gradient-echo echo-planar sequence 
Data Preprocessing
fMRI data was preprocessed using SPM8 and data processing assistant for resting-state fMRI. 35 Briefly, the scans were slice-timing corrected, realigned, spatially normalized to a standard template (Montreal Neurological Institute), detrended, and band-pass filtered (0.01-0.08 Hz) to reduce low-frequency drift and high-frequency physiological noise. Global noise levels were assessed to determine the suitability of global signal removal. 36 Head motion parameters, global mean signals, white matter signals, and cerebrospinal signals were regressed out from the blood-oxygen-level-dependent (BOLD) signals.
An automated anatomical labeling (AAL) atlas, 37 as we have described in our previous article, 38 was employed to parcellate the brain into 90 regions of interest (ROIs) (45 in each hemisphere). Further details on the sensitivity of preprocessing are provided in the supplementary material.
Anatomical Distance
After data preprocessing, the time series were extracted in each ROI by averaging the signals of all voxels within that region. By calculating ordinary Pearson correlation coefficients between all pairs of ROIs, a 90 × 90 correlation matrix was obtained for all subjects. Fisher's z transformation of these correlations provided the connectivity strength measure for each pair of regions. The anatomical distance was estimated as the Euclidean distance between the centroids of the 2 pairs of brain regions. 28, 34 This must be considered as the physical distance within the spatial constraints of brain rather than the actual lengths of the axonal pathways. The median distance was calculated as 75.5 mm; pairs with <75.5-mm distance were classified as short-range (2001) connections and those with >75.5-mm distance were classified as long-range (2004) connections. While there is no strict definition of what a long-distance connection is, the median-split approach has provided meaningful categorization for both structural covariance 34 and functional connectivity. 19 Figure 1A and 1B shows the distribution of the connections in the 3 groups.
Statistical Analysis
For each of the 3 groups, we used a 1-sample t test at Bonferroni-corrected threshold of P < .05 to identify all functional links (positive or negative correlations) of interest within each group. For each subject, the ADF was then calculated using Fisher's z-transformed coefficients of the linear correlation between the anatomical distance and the connectivity strength for the significant functional links in each group. The proportion of longrange connections (P-long) and the proportion of shortrange connections (P-short) among all links reaching group-level significance was computed for each subject. Mean strength of all significant short-range (S-short) and long-range connections (S-long) were computed for each individual. We also calculated the proportion of all significant long-range connections that involved frontal regions, subcortical regions and the salience network. Interhemispheric connections were identified as those involving both right and left hemisphere. The proportion of long-range interhemispheric connections was also estimated for each subject. For the top 10% of significant links in each group, we computed the mean anatomical distance (MAD) to estimate the distance distribution of the most prominent connections in each group.
The 3 groups were compared with 1-way analysis of variances (ANOVA) and post hoc t tests for mean values and chi-square tests for proportions. In addition, we used support vector machines (SVMs) to discriminate the groups on the basis of connectional strength of longrange and short-range connections (see the supplementary material for details of SVM procedure and results). We also compared all the connectivity strength of 4005 pairs among the 3 groups using a Bonferroni-corrected mass univariate approach (independent t test) to localize the pairs that show the most significant group-specific abnormalities. A flowchart of the analytical procedure is shown in the supplementary material.
Results
Anatomical Distance Function
A negative relationship between anatomical distance and connectivity strength was present in all 3 groups, as shown in figure 1C , confirming the expected ADF in adult brains. But ADF was significantly more pronounced in patients with schizophrenia compared with siblings and controls. MAD was significantly shorter in patients compared with controls. S-long was significantly reduced (more pronounced negative correlations) in patients but increased (less pronounced negative correlations) in siblings. S-short was significantly increased (more pronounced positive correlations) in both patients and siblings, with siblings showing greater connectivity strength than patients, as shown in figure 1D . Both siblings and patients showed a reduction in P-long and an increase in P-short. These results are shown in figure 2 and table 2. The result of the SVM analysis is presented in the supplementary material.
Frontal, Insular, and Subcortical Systems
ROIs related to frontal network, subcortical network, and salience network are elaborated in supplementary materials. Proportional contribution of frontal regions to the significant short and long-range connections was unaffected in siblings and patients. There was a disproportionate decrease in long-range connections and increase in short-range connections involving subcortical regions in both patients and siblings. An increase in long-range connections involving the salience network was seen in patients. In line with the overall changes in S-long, the frontal, insular, and subcortical long-range connections showed more pronounced negative correlations in patients while the short-range connections showed more pronounced positive correlations. Siblings showed either less pronounced negative correlation (frontal, subcortical) or an unexpected positive correlation (salience network) for long links. These results are shown in table 3.
Interhemispheric Links
The proportion of interhemispheric links among all connections was comparable among the groups (49% in controls; 48% in patients, and 51% in siblings). But when the proportion of long-range connections among all interhemispheric connections were considered, 62% of all interhemispheric connections were long range for controls; only 52% were long range in schizophrenia, with 58% being long range in siblings. The mean connectivity strength for interhemispheric links (both short and long-range) was significantly increased 
Discussion
Using task-free fMRI we have shown that the ADF is disturbed in adult patients with schizophrenia and their age-matched siblings. This observation suggests that an expected developmental transition in connectivity that is noted in healthy adolescents is likely to be disturbed in relation to the genetic risk of schizophrenia. Both patients and siblings showed a reduction in the proportion of significant long-range connections. While the patients showed a higher degree of anticorrelation in long-range connections and higher degree of positive correlation in short-range connections, siblings demonstrated a shift towards more positive correlation in both short-range and long-range connections. Patients also showed a significant reduction in the mean anatomical distance of significant connections.
The preferential reduction in long-range connections in schizophrenia raises important questions. Numerous observations have suggested that the metabolic and wiring cost of long-distance connections are in general unfavorable to the "low-maintenance" principle of the human brain. 39, 40 As a result, it has been argued that a drive towards cost efficiency is evolutionarily favored, 41 genetically influenced, 42 and built into the normal cortical development (ontogenesis). 43 But such reduction reaches a tipping point during adolescence, where selective longdistance connections are "nurtured," leading to the adult brain becoming an efficient hub of information transfer. 44 The preferential reduction in long-range connections in patients suggests that either this developmental shift does not take place in patients, or is further delayed into later adulthood. As a result, the efficiency of information transfer in the brain networks of patients with schizophrenia is likely to be affected (see supplementary material). Numerous observations using structural, functional, and electrophysiological studies in schizophrenia indeed demonstrate evidence for such reduced efficiency. Further, there is some evidence to suggest that the architecture of functional brain networks in schizophrenia confer a degree of advantage ("robustness") to the connected system, 45 which in turn may explain the failure of the forces of natural selection to reduce the incidence of schizophrenia.
The local to distributed change in connectivity seen in adolescence appears important for the interactive specialization of the brain regions in adults. 44 According to this notion, at birth, cortical regions are broadly tuned and less selective with their connectivity constrained by anatomical distance and connectivity; with age, simultaneous segregation and integration takes place. 46 In this context, patients with schizophrenia are likely to show a failure of interactive specialization. As a result, when cognitive demands are elevated, "non-specialized" cortical regions Note: ADF, anatomical distance function; MAD, mean anatomical distance; S-long, connectivity strength of long-range connections; S-short, connectivity strength of short-range connections; P-long, proportion of all long-range connections; P-short, proportion of all short-range connections; Scz, patients with schizophrenia; Sib, healthy siblings of patients with schizophrenia; Con, healthy controls. Numbers in brackets represent the standard deviation.
must be recruited in service of the task, resulting in inefficient but excessive recruitment. Several fMRI studies of task performance in patients support this notion. [47] [48] [49] We observed that in siblings, though the ADF is perturbed, there is some degree of recovery or compensation. Though long links are reduced in proportion, there is a degree of strengthening of relationship among the existing links, which is not seen in patients. This observation is strikingly reminiscent of the structural studies that demonstrate "normalization" of deficits along the developmental trajectory in siblings.
1 While higher genetic loading in patients could be invoked to explain the lack of such "recovery," another possibility is the effect of environmental agents such as cannabis and stimulants. Exposure to cannabis at developmentally critical time windows appears to have a selective effect on the integrity of structural connections. 50 Direct intracortical animal studies suggest that ketamine, which has a propensity to trigger psychotic symptoms, induces decoupling of long-range connections-a finding analogous to the observations made in the present study in patients with schizophrenia. 51 Alexander-Bloch et al. 34 investigated the relationship between anatomical distance and functional connectivity strength using a graph-based approach in childhoodonset schizophrenia (mean [SD] age at scan = 18.7 [4.9] ; mean [SD] age of onset = 10 [1.8]). In line with our results, stronger connections were noted at shorter anatomical distances in both controls and patients. Further, the mean connection distance in sparsely thresholded networks from healthy participants (44 mm) was strikingly similar to the value obtained in our study (45 mm) . Despite these similarities, COS group had relatively normal functional connectivity when long-distance links were considered. The greatest disturbance in connectivity in COS was noted for short-distance connections. In contrast to the approach used in our study, Alexander-Bloch et al. considered only absolute values of functional connectivity (ie, negative correlations were treated as positive correlations) and the connectivity matrices were binarized to derive topological metrics from 293 brain regions, in contrast to the 90 used in our study. These methodological differences preclude meaningful comparison of the 2 results. But if a true difference exists in the direction of relationship between anatomical distance and connectivity between COS and adult-onset schizophrenia, then the ADF could be considered as an important biological variable potentially influencing the age of onset of schizophrenia.
The subcortical system showed a disproportionate reduction in the number of long-range connections and an increase in short-range connections in schizophrenia. An increase in short-range connectivity involving subcortical structures in schizophrenia has been well documented previously. 52, 53 There is also a selective reduction of interhemispheric long links in schizophrenia, though when short-range connections are also taken into account, the overall strength of connections shifts towards higher positive correlation in patients. These observations reconcile previously reported inconsistent evidence regarding the increase 54, 55 or decrease 19, 20 in interhemispheric transfer, highlighting the importance of exploring anatomical distance while studying functional connectivity in schizophrenia.
Two long-range interhemispheric connections (left precuneus with right medial superior frontal and left temporal pole to right middle occipital gyrus) showed common abnormality in patients and siblings. Siblings showed an unexpected positive correlation in the long-range connections involving the salience network nodes, while patients showed more pronounced anticorrelation. The localization of altered connectivity changes revealed that indeed the greatest difference between siblings and patients related to the connectivity between insula and a portion of the orbitofrontal cortex (rectus gyrus). These observations are interesting in the context of structural studies, which show that the anatomical changes pertaining to the insula is only apparent in patients and not siblings. 56 Several lines of evidence now point towards abnormalities in the salience-processing system as a cardinal feature of several core psychotic symptoms. 17 The present results reaffirm this notion and additionally suggest that genetically high-risk siblings, who do not have clinical psychotic illness, may have a selective strengthening of the long-range connections involving the salience network, which confers them with a protective effect. In fact, the establishment of structural and dynamic causal connectivity between insula and rest of the brain appears to be a crucial maturational event during adolescence. 57 Despite sharing the ADF abnormality with patients, siblings show an excessive strengthening of the salience networkrelated long-range connections. This phenomenon calls for further investigation of the developmental cortical maturation in siblings using a longitudinal design. If a critical difference in the salience network connectivity is indeed the step change between resilience and psychosis in genetically predisposed individuals, then modulating the salience-processing networks may offer therapeutic opportunities in psychosis.
Several limitations must be borne in mind while interpreting this study. We approached the issue of connectivity using arbitrary anatomical parcellations. This approach is not unconventional; the atlas-based parcellation scheme may facilitate replication of the current work with other data sets. Nevertheless, the functional correspondence of AAL regions is unclear at present. In line with a number of other studies, we used a correlation-based approach to infer brain connectivity, but we did not measure other graph metrics. While the study of topological properties of functional networks is a very interesting area, 58, 59 our primary interest was the relationship between anatomical distance and the strength of interregional resting-state correlations. Our approach allowed a direct test of our hypothesis, without requiring other topological metrics. Seventy-five percent of our patients were medicated. Antipsychotic medications may attenuate functional connectivity patterns in the short term, 60, 61 though to our knowledge, there is no evidence to suggest that the ADF is altered by the use of antipsychotics. The absence of experimental evidence to support or refute the effect of antipsychotics on ADF calls for cautious interpretation of our results. We have addressed this issue further in the supplementary material.
In summary, the relationship between anatomical distance and functional connectivity is significantly altered in schizophrenia. The observed abnormalities suggest that the normal adolescent maturational process goes awry in those with a genetic diathesis to develop psychosis, but siblings who are "resilient" to the clinically expressed illness show a degree of normalization or "protective" changes that are absent in patients. Our findings offer a converging framework to examine the effects of genetic risk factors for psychosis on the developing brain. They also raise the question whether the disturbances in the organizing principles of brain connectivity seen in schizophrenia may confer some degree of genetically determined metabolic cost advantage.
Supplementary Material
Supplementary material is available at http://schizophreniabulletin.oxfordjournals.org. 
